Significant virus autointerference was not observed in serial undiluted passages of vesicular stomatitis virus in Madin-Darby canine kidney cells. The ultrastructural features of vesicular stomatitis virus development into Madin-Darby canine kidney cells were studied by staining frozen-thawed cells with ferritinconjugated antibody. The granular and fibrillar antigen could be readily identified in the cytoplasm within 4 hr after infection. Its appearance was followed closely by the differentiation of virus filaments at the cell surface. The virus antigen could be recognized in close proximity to virus particles; this material may represent virus nucleoprotein incorporated into budding virus particles.
INTRODUCTION
Vesicular stomatitis virus (VSV) is an RNA-containing virus (Chamsy & Cooper, i963; Prevec & Whitmore, I963) which differentiates by a process of budding both from the plasma membrane and from the lining membrane of cytoplasmic vesicles (Zee, Hackett & Talens, 197o) . Fluorescein-labelled antibody reveals the accumulation of antigen within the cytoplasm of infected cells I968) .
Studies of VSV replication under conditions of synchronous cellular multiplication have been hampered by the inability to inoculate cells at high multiplicity without autointerference and resultant low virus yields (Mudd & Summers, I97O) . However, Madin-Darby bovine kidney cells can be infected at high multiplicities with influenza virus (Choppin, I969) or VSV (Huang & Baltimore, I97o) without the production of significant defective autointerfering particles. We confirm here the lack of pronounced VSV auto-interference in Madin-Darby canine kidney cells and examine the morphogenesis of VSV in these cells with the aid of ferritin-labelled antibodies.
METHODS
Cell cultures. Baby hamster kidney cells (BHK 2I) were purchased from Grand Island Biological Company, Grand Island, N.Y. Madin-Darby canine kidney cells were obtained from Dr R. Krug, Sloane-Kettering Institute for Cancer Research. Cells were serially propagated in 25o ml. plastic tissue culture flasks in reinforced Eagle's medium (Bablanian, Eggers & Tamm, I965) containing lO % foetal bovine serum.
Virus. Vesicular stomatitis virus, INDIANA strain, previously passaged in BHK 2I cells, was kindly supplied by Dr P. W. Choppin, Rockefeller University. The stock virus used in studies of autointerference was grown in BHK 2I cells and contained 3"1 x io 7 p.f.u./ml. J. E. COWARD AND OTHERS For quantification of virus growth and electron microscopic studies, VSV passaged an additional six times in Madin-Darby canine kidney cells and containing 3"3 x io s'° p.f.u./ ml. was used.
Infection of cells.
Virus was diluted in reinforced Eagle's medium containing 0"5 % bovine serum albumin (BSA, Fraction V, Armour Pharmaceutical Co). Confluent cellular monolayers, grown in 6o ram. plastic dishes, were washed twice with phosphate-buffered saline (PBS), pH 7.2, and inoculated with virus. After adsorption at 37 ° for I hr, the inoculum was removed and reinforced Eagle's medium containing o.I ~o BSA was added. Control cultures were inoculated with 0"5 ml. of diluent and treated in a similar manner. Cultures were incubated at 37 ° in a humidified atmosphere of 5 % carbon dioxide.
In VSV autointerference experiments, culture fluid and cells were harvested from duplicate cultures 24 or 48 hr after inoculation and BSA was added to a final concentration of o'5 %. After clarification by centrifugation (I5oo g for IO rain.) and freezing in an ethanol + solid CO2 bath, the preparations were stored at -7o ° until assayed for infectivity.
In growth curve experiments, released virus was measured in clarified maintenance medium; cell-associated virus was quantified in cells scraped from the plastic surface. The detached cells were suspended in reinforced Eagle's medium and 0"5 % BSA and disrupted by three rapid freeze-thaw cycles. After low-speed centrifugation, the supernatant fluid was assayed for infective virus.
Assay of infective virus. Plaque assay of VSV was performed in confluent BHK 21 cell monolayers grown in 6o ram. plastic dishes. After adsorption for 2 hr at 37 °, the virus inoculum was removed and the cell sheet overlaid with o'9 % Noble agar (Difco) containing reinforced Eagle's medium and 8 % heat-inactivated foetal bovine serum. Plates were incubated for two days at 37 ° and the plaques counted.
Ferritin-conjugated VSV antiserum. Two adult rabbits were immunized with a homogenized suspension of VSV in Freund's complete adjuvant. Three footpad injections (0"4 ml. each) were given at weekly intervals and serum was separated from blood obtained 14 days after the end of immunization. The gamma globulin was precipitated with sodium sulphate and conjugated to ferritin with metaxylene diisocyanate using the method of Singer (1959) as modified by Rifkind, Hse & Morgan (I964). Ferritin-conjugated anti-VSV gamma globulin had a neutralization titre of 1/32o by plaque reduction.
Electron microscopy. Cells from infected monolayers were scraped from plates at 2, 4, 6, 8, IO and 12 hr after inoculation and sedimented by low-speed centrifugation. Control cultures were harvested at I2 hr. The cells were fixed in formalin, treated with IO % dimethylsulphoxide in oq M-phosphate buffer, pH 7.2, frozen in a solid CO2+ethanol bath and stored at -7 o°. After thawing, the cells were immersed in the ferritin-conjugate for I hr and washed in phosphate buffer as described by Morgan, Rifkind & Rose (I962) . The cells were then fixed in 1% glutaraldehyde, washed, post-fixed in osmium tetroxide, and embedded in epoxy resin (Epon 812). Thin sections, stained with uranyl acetate and lead citrate, were examined in a Philips 2oo electron microscope.
RESULTS

Lack of virus autointerference in Madin-Darby canine kidney cells
Six diluted and undiluted serial passages of VSV were made in confluent BHK 21 and Madin-Darby canine kidney cell monolayers grown in 60 mm. plastic dishes. In the undiluted series, cells were inoculated with 0"5 ml. of harvest from the previous passage. In the diluted series, 0"5 ml. of a I/IOO dilution of the preceding harvest was used. 
Growth of VSV in Madin-Darby canine kidney cells
After inoculation of VSV in Madin-Darby canine kidney cells at a multiplicity of 20 p.f.u./ cell cytopathic changes were first noted 3 to 4 hr after inoculation. Rounding of cells became prominent, and many cells detached from the plastic surface. Cell-associated virus was first detected 2 hr after infection and increased to a maximum of ~.8o x io 8"° p.f.u./ml, at 8 hr. The greatest increase in released virus occurred between 4 and 6 hr, and reached a maximum of 2"3 x Io 9 p.f.u./ml, at I2 hr (Fig. 0. 
Ferritin labelling of virus antigen
The increase in ferritin-tagged cytoplasmic material and virus particles closely paralleled the production of infective virus as determined by plaque assay (Fig. I) . Although ferritin granules were seen in the cytoplasm 2 hr after infection, they resembled those of the control preparation in both numbers and distribution (Fig. z) . In the next 2 hr electron-dense granular and fibrillar material accumulated in the cytoplasm and was clearly tagged with ferritin conjugate (Fig. 3) . By the 6th hr, budding virus particles were numerous and heavily labelled with antibody (Fig. 4) . In this micrograph, one virus particle is attached to a protrusion, which is presumably connected to the cell at a site removed from the plane of section. The number of mature virus particles increased at each succeeding sampling time until by the 8th hr extracellular particles were numerous and large amounts of ferritin-tagged antigen had accumulated (Fig. 5) -In some areas the ferritin conjugate revealed intracellular antigen in close proximity to the protruding virus (Fig. 6 to 9 ). The average diameter of the virus filaments was 66 nm., which is in agreement with the measurements of VSV previously reported (Howatson & Whitmore, I962; I968) .
DISCUSSION
Because Madin-Darby canine kidney cells do not appear to produce significant quantities of defective, auto-interfering particles when challenged with VSV at high multiplicities, they may offer a useful cell system for studying the replication of mature infective VSV in the absence of auto-interfering particles.
In some cell lines, inclusions form in the cytoplasm as a result of infection with VSV (Zajac & Hummeler, ~ 97o) . By disrupting uridine-labelled cells in distilled water and banding the supernatant fluid in a caesium chloride, Zajac & Hummeler (I97 o) identified a fibrillar nucleoprotein component which resembled the matrix of the inclusions and the nucleoprotein isolated from purified virus particles (Simpson & Hauser, I966; Nakai & Howatson, 1968; Wagner et al. I969) . In Madin-Darby canine kidney cells, however, large aggregates of antigen were not observed either in the frozen-thawed preparations treated with ferritin or in cells fixed and embedded in the usual manner (unpublished data). Nevertheless, the ferritin-labelled material illustrated here closely resembles that shown by Zajac & Hummeler (t97o) , and possibly represents the nucleoprotein component of VSV.
Hummeler et al. (I968) noted clusters of fibrils in the cytoplasm of cells infected with rabies virus, another member of the rhabdovirus group. When negatively stained, this material resembled the ribonucleoprotein component isolated from purified rabies virus and reacted strongly with specific antiserum in complement fixation tests. The presence of ferritin-tagged material near the base of budding virus particles suggested to these workers that ribonucleoprotein is incorporated into the virus particles at the cell surface. Fig. 6 to 9 of our study suggest that a similar mechanism in VSV. In each micrograph cytoplasmic
